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GROUND-WATER CONDITIONS IN THE AVENAL-McKIT-
TRICK AREA, KINGS AND KERN COUNTIES, CALIFORNIA

By P. R. Woop and G. H. Davis

ABSTRACT

The Avenal-McKittrick area consists of about 850 square miles on the south-
west side of the San Joaquin Valley, extends southeastward from the towns of
Avenal and Kettleman City to the Elk Hills. Except for about 16,000 acres in
several isolated localities, the area is uninhabited desert most of the year, al-
though extensive grazing is carried on during winter and spring. The area
includes Kettleman and Antelope Plains, Antelope and McLure (also known as
Sunflower) Valleys, and the area south of Tulare Lake.

The geologic units of the area are classed as consolidated rocks and uncon-
solidated deposits. The first group includes consolidated non-water-bearing
rocks and semiconsolidated rocks of Jurassic to Pliocene age which in general
contain connate water of poor quality; locally at shallow depth fresh water is
present in them. Most of the formations contain fold- and fault-induced frac-
tures, and these openings probably convey small quantities of water to the
adjacent unconsolidated deposits. The second group consists of unconsolidated
to loosely consolidated water-bearing deposits of continental origin which sup-
ply nearly all the water pumped from wells. These deposits include the struc-
turally deformed Tulare formation of late Pliocene and Pleistocene(?) age and
the alluvium of Pleistocene and Recent age, which in most places unconform-
ably overlies the Tulare. Both units are composed of generally poorly sorted
silty materials containing lenticular bodies of sand and gravel derived from the
Coast Ranges and deposited by streams on extensive alluvial fans. The allu-
vium is only moderately permeable, and, although the water-bearing properties
of the Tulare are little known, it probably is also only moderately permeable.
Lacustrine and fiood-basin sediments of Pleistocene and Recent age, present in
the bed of Tulare Lake and along Buena Vista Slough, consist of nearly fiat-
lying well-stratified silt, clay, and fine sand which generally are poorly perme-
able,

The alluvium and the Tulare formation range in thickness from a few feet
along the western border of the valley to several thousand feet beneath the
valleys and plains. However, because of comparatively late structural deforma-
tion in the area, the deposits vary considerably in thickness for short dis-
tances. Over the crests of buried anticlines the deposits thin considerably, and
along the fianks and in adjoining synclinal troughs they thicken rapidly.

Recharge to the unconfined and semiconfined bodies of ground water may be
by seepage loss from streams, by deep penetration of imported water applied
for irrigation in excess of plant requirements, by losses of imported water
through irrigation canals and ditches, and by deep penetration of rainfall.
However, seepage loss from intermittent streams draining the Coast Ranges

1



2 GROUND-WATER CONDITIONS, AVENAL-McKITTRICK AREA, CALIF.

probably is the chief source of recharge. Poorly defined drainage channels that
extend generally eastward across the area suggest that little water escapes as
surface outfiow. Inasmuch as arfhual precipitation averages less than 12 inches,
deep penetration of rainfall is a significant source of recharge only during
infrequent years of exceptionally large precipitation.

Although the general movement of ground water is northeastward from
recharge areas along the western border of the valley toward Buena Vista
Slough in the trough of the valley, the movement is interrupted or defiected in
several places by northwestward-trending anticlinal structures, principally those
underlying the Pyramid, Kettleman, and Lost Hills. Movement is restricted in
the narrow Dagany and Avenal Gaps and the area between the Kettleman and
Lost Hills. Local pumping depressions have developed in McLure and Ante-
lope Valleys.

Of the 344 wells that were investigated in the field in 1951 and 1955, only
95 were used as irrigation wells in the autumn of 1955. Short-term drawdown
and recovery tests made by the Pacific Gas and Electric Co. indicate that the
yields ranged from about 100 to 1,700 gpm (gallons per minute). Specific
capacities ranged from 2 to 120 gpm per foot of drawndown. The depths of
irrigation wells ranged from about 100 to 1,700 feet.

Irrigation pumpage by electrically powered pumps increased steadily from
about 13,000 acre-feet in 1947 to about 25,000 acre-feet in 1953. From 1953 to
1956 the annual pumpage remained nearly constant, about 25,000 acre-feet. The
total for the 10-year period was about 200,000 acre-feet.

In areas of large withdrawals water levels have undergone steady and
marked declines. For the period 1936-53 the levels at Devils Den ranch de-
clined a maximum of about 100 feet; for the period 1951-56 levels in Antelope
Valley declined a maximum of 40 feet; and for the period 1947-54 levels in
MecLure Valley declined 60 to 120 feet. In the areas of little ground-water
development east of Avenal Gap and throughout most of Kettleman and Ante-
lope Plains, water levels remained essentially unchanged to 1955, the date of
this report.

The stream waters tributary to the Avenal-McKittrick area differ greatly
in both chemical character and mineral content. They were divided into
two general types on the basis of their chemical character. The waters
of Avenal and Polonio Creeks are characterized by a comparatively lower min-
eral content and proportionally less sulfate but more magnesium than the waters
of Bitterwater, Media Agua, and Carneros Creeks. These differences in mineral
content are related to the lithology of the rocks in the respective drainage
areas. The waters in which the concentration of sulfate is relatively low were
derived from areas underlain predominantly by marine sediments of Cretaceous
age and sedimentary, igneous, and metamorphic rocks of the Franciscan forma-
tion of Jurassic and Cretaceous age. The waters characterized by a high pro-
portion of sulfate were derived from areas underlain chiefiy by marine and
continental sedimentary rocks of Tertiary and Quaternary age.

The ground waters of the area are fairly consistent in chemical character
but differ greatly in mineral content. The typical waters are of sodium sulfate
composition or are sulfate waters of intermediate cation composition. Locally,
sodium chloride waters are present. The mineral content of ground waters in
the area ranges from 477 to 7,040 ppm (parts per million), hardness ranges
from 30 to 3,020 ppm, and boron from 0.3 to 11 ppm. The high sodium content
of the ground waters in comparison to that of the stream waters evidently is
the result of cation exchange with the sediments.

In most of the area the ground waters are of doubtful to unsuitable quality
for irrigation. Further detailed studies of soil salinity and quality of ground
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water, and exploration and testing of undeveloped parts of the area will be
required to determine whether ground-water supplies or ground-water storage
can be utilized effectively in conjunctions with imported surface-water supplies.

INTRODUCTION
LOCATION AND GENERAL FEATURES OF AREA

The Avenal-McKittrick area of this report includes that part of
the west side of the San Joaquin Valley which extends southeast-
ward from the towns of Avenal and Kettleman City to the north-
ern border of Elk Hills and west from the axial trough of the valley,
marked by Buena Vista Slough and the southwestern margin of
the dry bed of Tulare Lake, to the foothills of the Coast Ranges
on the west. It also includes parts of Kettleman Hills and Reef
Ridge-Pyramid Hills, outliers of the Coast Ranges, and Kettleman
Plain and McLure (Sunflower) Valley—the valley between these
outliers and the Coast Ranges proper. The location and general
features of the area are shown on plates 1 and 2 and figure 1.

The area is about 70 miles long by an average of 12 miles wide
and includes about 850 square miles. Of this total about 700 square
miles is underlain by unconsolidated alluvial deposits; the rest con-
sists of hilly and mountainous country underlain by consolidated
and semiconsolidated rocks of marine and continental origin. The
greater part of the area is in Kern County; the remainder extends
north into the southern part of Kings County.

The area is readily accessible to automobiles by way of U.S.
Highway 466 and State Highways 33 and 41 (pl. 1). The only
railroad is the McKittrick branch of the Southern Pacific, which
provides freight service from Bakersfield to the oil-producing dis-
tricts near the town of MecKittrick.

Avenal, founded after the discovery of oil in the Kettleman Hills
in 1928, had a population of 3,982 in 1950 and is the largest town
in the area. Lost Hills, a small community in the east-central part
of the area, is the only other town. Other settlements include com-
bination service stations and eating places at Kecks Corner, Black-
wells Corner, North Belridge, and South Belridge, and an unnamed
station at the intersection of State Highways 33 and 41. The agri-
cultural population is concentrated chiefly on the Devils Den ranch,
in McLure Valley, and in Antelope Valley. People employed by
the oil industry generally live in small company-owned communities
or isolated dwellings near the producing oil fields.

Except for the irrigated areas in McLure Valley, Antelope Valley,
and Kettleman Plain (pl. 8) the greatest part of the Avenal-McKit-
trick area is an uninhabited desert during most of the year. Only
in the winter and early spring when the native pasture greens as
a result of winter rains is there appreciable agricultural activity.
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FIGURE 1.—Map of California showing area covered by this report.

Sheep and cattle graze the area as long as the forage lasts and are
moved out of the area as summer approaches.

SCOPE AND PURPOSE

The investigation in the Avenal-McKittrick area was begun by the
U.S. Geological Survey in 1951 with Federal funds provided for
general ground-water investigations in the Central Valley. This
work was discontinued late the same year. In autumn 1955 the
investigation was resumed and carried to completion with funds
supplied by the U.S. Bureau of Reclamation for the purpose of
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evaluating ground-water conditions along the western slope of the
San Joaquin Valley in the service area of the proposed Avenal Gap
unit of the Central Valley project.

The objectives of the ground-water study included: (1) an in-
ventory of wells and springs; (2) collection of available drillers’
logs, electric logs, water-level records, and chemical analyses of sur-
face and ground waters; (3) an estimate of irrigation pumpage
from records of power consumption; (4) a compilation of the avail-
able geologic mapping and study of well logs to determine the geo-
logic features that relate to the occurrence and movement of ground
water; (5) a study of the chemical quality of surface and ground
waters with special consideration of their suitability for irrigation
and the utilization of ground-water storage capacity; (6) tabula-
tion of well records, water-level measurements, pumpage estimates,
chemical analyses, and selected well logs; and (7) preparation of
a report outlining the results of the study.

Accordingly, the purpose of this report is to present and to in-
terpret the available data on the geology, ground-water hydrology,
and chemical quality of the ground waters of the water-bearing
deposits of the Avenal-McKittrick area. Almost no hydrologic
work had been done in the area before this investigation. This
report presents all the hydrologic information available on the area
as of 1955,

Much of the information on wells in the area north of U.S.
Highway 466 was collected in 1951 by the Geological Survey. Dur-
ing 1955 the area north of U.S. Highway 466 was reinvestigated,
additional well information was collected, and the well inventory
was extended south to the northeastern border of Elk Hills.

Most of the chemical analyses in tables 8 and 9 were made by
the Geological Survey; the water samples were collected by the
California Department of Water Resources.

The topographic base map is a polyconic projection compiled at
a scale of 1:62,500 by the Topographic Division of the Geological
Survey from the latest available quadrangle maps of the area. This
base was reduced to a scale of 1:125,000 for the preparation of plates
1, 3, and 5.

The geology shown on plate 1 was compiled from published and
unpublished sources as shown on the inset source map. Titles of
papers and publications in which the papers appear can be found in
the list of references at the end of the report. Modifications were
made of the contact between the alluvium and the older rock units in
most of the valley areas, especially south of U.S. Highway 466 and
in the Lost Hills, North Belridge, and South Belridge, on the basis
of interpretation of topographic maps and uncontrolled aerial
mosaics.
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The investigation was started under the supervision of J. F.
Poland, district geologist of the Geological Survey in charge of
ground-water investigations in California, and completed under the
supervision of G. F. Worts, Jr., district geologist since July 1956.
G. H. Davis was in charge of the investigation. Fieldwork in 1951
was done by P. R. Wood, M. E. Cooley, and R. S. Stone.

CLIMATE

The Avenal-McKittrick area and adjoining foothills are charac-
terized by hot summers, mild winters, and low precipitation, most
of which falls during the winter. Precipitation data from seven
stations of the U.S. Weather Bureau in or near the area of investi-
gation are summarized in tables 1 and 2. Coalinga station formerly
was in the town of Coalinga, altitude 663 feet, about 16 miles north-
west of Avenal. In January 1942 the station was moved to its pres-
ent location at the airport, altitude 675 feet, about 1 mile north of
Coalinga. Kettleman station, altitude 502 feet, is at the Kettleman
station of the Pacific Gas and Electric Co., about 6 miles northeast
of Avenal. Angiola, altitude 205 feet, is in the San Joaquin Valley
near the Angiola station of the Atchison, Topeka, and Santa Fe
railroad, about 40 miles east of Avenal. Dudley station, no longer
in operation, was at the Dudley pump station (24/18-22E), altitude
595 feet, in the Pyramid Hills near McLure Valley, about 14 miles
south of Avenal. Antelope Valley station, no longer in operation,
was at the Antelope pump station, altitude 1,205 feet, near the
northwest end of Antelope Valley. Middlewater station, altitude
803 feet, is at the Middlewater pump station (28/20-10N), about
11 miles southwest of the town of Lost Hills. Buttonwillow station,
altitude 295 feet, is at the headquarters of the Buena Vista water-
storage district (29/23-14L), about half a mile north of Button-
willow.

TABLE 1.—Seasonal precipitation (July 1 to June 30), in inches, at seven stations
in or near the Avenal-McKittrick area

[Data from U.S. Weather Bureau monthly and seasonal precipitation records]

Season Coalinga | Kettleman | Angiola Dudley Antelope Middle- Button-

station Valley water willow
1899-1900__ _|________|_______. 777 | e || e
1900-01_ ___ | _ . _____|________ 857 || |eoos
1901-02__ | _______|________ 5.02 || e
1902-03._ .| ____|___..___ 315 || e
190304 ___ | _______|._______ 4.50 || |eeeoos
1904-05____ | _____|________ 7022 | e
1905-06____ | _ . _____j________ 9.99 |_ ||
1906-07_____|________|________ 8 13 |||
1907-08____ | _______|._______ 6. 76 | |
1908-09____ | ________|__._____ 11.99 || ao
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TaBLE 1.—Seasonal precipitation (July 1 to June 30), in inches, at seven stations
in or near the Avenal-McKittrick area—Continued

Season Coalinga | Kettleman | Angiola Dudley Antelope Middle- Button-
station Valley water willow

1909-10_ . __ | _______j____._._ 7.01 || |eoea_oo
1910-11_ _ __ || .. 889 |||
1911-12__ | | ... 3.49 [_______ 8 35 6.51 |________
1912-13_____ 3.42 |.__.____ 4,12 3.76 4. 94 4.29 |_.____ .
1913-14_____ 10.87 | ______ 7. 20 8. 59 10. 88 7.56 | _______
1914-15_____ 11.84 |________ 11. 68 11. 99 15. 52 10. 30 |- .- __.
1915-16_____ 837 |- _..___ 7. 93 7.05 10. 55 6.50 |________
1916-17_____ 505 |_.______ 5. 06 4. 22 7.71 579 | _______
1917-18_____ 9.05 |__.____. 6. 16 9.73 12. 09 825 (_.______
1918-19.____ 5.59 |________ 7.72 4.73 6. 50 526 |._______
1919-20_____ 578 |o--____ 6. 46 5. 44 8. 89 5.12 |________
1920-21_____ 567 |_..--___ 6. 46 5. 72 6. 97 3.42 |________
1921-22___ __ 9.62 |____.____ 8. 84 8. 14 11. 51 7.73 | ___
1922-23___ __ 525 | ____._ 6. 97 4.97 7.70 2.85 | _______
1923-24_____ 4.06 |________ 4.79 3. 44 379 3.41 . _______
1924-25__ ___ 4.64 |- _______ 6. 96 5. 36 4. 69 310 |..._____
1925-26_____ 7.583 |o__.____ 5. 50 8 44 7.70 4.88 |._______
1926-27_____ 834 |.__.____ 9. 68 7. 67 10. 51 6.07 |_______.
1927-28___ __ 3.43 | ______. 6. 66 7.15 5 18 4.56 |________
1928-29__ ___ 4.66 |- ______ 6. 17 2. 98 6. 55 2.46 |________
1929-30_____ 528 |_.______ 4. 94 5. 03 6. 77 4.81 | _______
1930-31_____ 7.20 | _.__ 7.67 16.25 6. 43 3.68 |________
1931-32__ ___ 6.35 [-_____._ 8. 65 5. 45 11. 24 6.52 | _______
1932-33_____ 4.62 |___._____ 6. 15 1 5. 47 8. 88 504 |___.____
1933-34_____ 5.28 |.__.____ 4. 11 5. 30 4. 52 1.69 |________
1934-35_____ 11.23 | _______ 12. 45 10. 58 13. 58 7.62 |_____.__.
1935-36__.___ 820 |________ 819 7. 30 9. 14 3.48 | _____._
1936-37_____ 9.36 |________ 11. 08 12. 31 16. 30 6.95 | _______
1937-38_____ 13.29 |________ 12. 36 10. 33 15. 76 7.60 |______.__
1938-39__.___ 4.73 | ___ 6. 55 14, 67 5. 93 3.57 | ...
1939-40_____ 7.28 |_______. 849 |________ 9. 92 4.09 |_______._
1940-41_____ 14.83 | _______ 12.59 |.__.__._ 20. 00 820 |._______
1941-42__ ___ 7. 63 5. 61 822 | _______ 10. 20 6. 04 7.28
1942-43_____ 6. 98 6. 79 Q.14 |- _ |- 7. 87 1812
1943-44_____ 6. 85 5. 69 536 (- _____|.._..____ 4. 58 14 18
1944-45_ ____ 5. 07 3.24 6. 74 | _______|o_______ 4. 11 4. 34
1945-46_____ 5. 41 4, 20 1740 || _o__ 4. 26 3. 86
1946-47_____ 4. 47 418 ||| _. 3. 28 4. 17
194748 ____ 4. 23 4.00 |___ | |eoooo__C 2. 43 3.01
1948-49__ ___ 5. 27 4. 09 472 | e 4. 06 4.29
1949-50 _____ 5. 28 4. 61 4,28 || 3. 81 3. 35
1950-51____ | _______ 4. 51 4.01 || o 3. 44 4. 37
1951-52_____ 10. 44 7. 36 Q.46 | .. ___ . | ___ 7.13 7. 10
1952-53_____ 5. 26 3. 87 7.20 || 4. 15 5. 13
1953-54 . ____ 6. 92 6. 59 6.29 | ___ | . ____ 5. 13 5. 03
1954-55____. 8. 65 6. 35 6. 78 || __ 5. 49 4. 09

Average___| 26.98 | 35.07 47 28 56. 74 69, 31 75.16 84, 88

1 Estimated. £1912-13 to 1938-39.

21912-13 to 1954-55. 6 1911-12 to 1941-42.

3 1941-42 to 1954-55. 71911-12 to 1954-55.

4 1899-1900 to 1954-55. 8 1941-42 to 1954-55.
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TaBLE 2.—Average monthly precipitation (inches) at seven stations in or near the
Avenal-McKittrick area

[Data from U.S. Weather Burean annual summariesj

Coalinga |Kettleman| Angiola | Dudley | Antelcpe | Middle- | Button-

(1912-50) | station [(1899-1950)| (1911-35) | Valley water willow

(1942-50) (1911-42) | (1911-50) | (1942-50)
January_.___________ 1. 26 0.76 1. 43 1. 32 2. 02 0. 95 0. 99
February___________ 1. 58 1. 31 1. 41 1. 22 2. 09 1.09 1. 02
March_____________ 1. 15 1.13 1. 31 1. 00 1. 51 . 87 .93
April_______________ . 55 .53 .63 .45 . 62 .39 .43
Ay _ oo __ .24 .14 .32 .45 .19 .25 .23
June_______________ . 08 .07 .05 .09 .09 .05 .03
July_ - . .06 Tr. .01 .01 .04 .04 .03
August_____________ Tr. Tr. .01 .03 .02 .01 Tr.
September__________ . 06 .04 .15 . 06 .10 .06 .15
Oetober_ ___________ .25 .14 .35 .29 . 30 . 30 .25
November__________ . 46 .31 .55 .59 . 60 .33 . 48
December_ _________ 1. 24 .97 1. 11 .91 1. 60 . 83 .75

The west side of the San Joaquin Valley lies in a rain shadow
of the Coast Ranges. Moisture-laden air moving eastward from the
Pacific Ocean is cooled while passing over the mountainous country
west of the valley, resulting in condensation of water vapor fol-
lowed by precipitation, mostly in the mountains. Consequently,
when the air masses have passed over the mountains and descend
to cross the San Joaquin Valley, they contain less moisture, and
only a relatively small amount of rain falls on the valley floor.
The orographic effect of the mountains is shown by the records of
precipitation stations in the Coast Ranges and in the San Joaquin
Valley. For example, Priest Valley, altitude 2,400 feet, in the
Coast Ranges about 22 miles west of Coalinga, has a 56-year aver-
age precipitation of 19.56 inches. Parkfield, altitude 1,700 feet, in
the Coast Ranges about 18 miles southwest of Avenal, has a 47-year
average of 14.40 inches. In the Avenal-McKittrick area, Antelope
Valley, altitude 1,205 feet, has a 30-year average of 9.31 inches, and
Buttonwillow, altitude 295 feet, has a 14-year average of 4.88 inches.

Precipitation in the drainage basins tributary to the Avenal-
McKittrick area falls almost entirely as rain. Rainfall very often
occurs as heavy downpours in a small part of a drainage basin, with
only light showers or no rain falling in other parts of the basin.
Again, precipitation may occur as a gentle rain over a large part
of the area. Ordinarily the rainfall does not last long, and during
heavy downpours runoff generally is rapid. At most places soils
are loose and poorly developed, and vegetation is scanty, consisting
mostly of sparse grasses, brush, and weeds. Because of their loose
texture the soils probably retain a large proportion of the precipi-
tation resulting from gentle rains or showers.

Precipitation records given in tables 1 and 2 show the seasonal
(July 1 to June 30) and monthly distribution and intensity of the
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rainfall in different parts of the area. The seasonal precipitation
for the period of record at seven stations in or near the Avenal-
McKittrick area is summarized in table 1. From the records of
average monthly precipitation presented in table 2, it can be com-
puted that nearly 75 percent of the precipitation occurs during the
four months from December through March.

Table 3 shows the monthly temperatures at six stations in or near
the Avenal-McKittrick area. Midsummer temperatures often ex-
ceed 110°F, and extremes as high as 116°F have been recorded at
Middlewater station. In the winter the temperatures often drop
below 82°, and lows of 15° to 20° are not uncommon. The tem-
peratures given in table 3 show that July is the hottest month;
average monthly temperatures range from 82° to 85°. January is
the coldest month; average monthly temperatures range from 44°
to 46°. The mean annual temperature is about 64°. The average
number of frost-free days ranges from 195 to 300. Because of the
clearness of the air, radiation is rapid; the difference between day
and night temperatures frequently is 40° or more.

TABLE 3.— Average temperatures (° F) at siz stations in or near the Avenal-McKittrick
area

[Data from U.S. Weather Bureau annual summaries]

Coalinga | Kettleman| Angiola Dudley Middle- Button-

Month (1912-50) station (1899-1945) | (1911-35) water willow

(1942-50) (1911-50) (1942-50)
Januvary _____________ 45. 7 46. 2 44. 3 46. 5 46. 1 45. 4
February_ ___________ 50. 6 50. 5 49. 5 52. 5 50. 7 49. 8
Mareh.______________ 54. 8 55. 3 54. 3 56. 0 55. 3 55. 5
April_______ . ____ 60. 8 61. 7 60. 9 61. 7 61. 6 62. 6
May_ ____ .. 67.5 68. 5 69. 0 68. 7 69. 0 69. 5
June_ _______________ 75. 6 75. 3 75. 5 77. 4 76. 9 75. 5
July___ . 82. 1 83.0 82. 2 85. 4 84. 6 82.5
August. _____._______ 80.0 80. 4 80.0 84. 2 82. 7 79. 8
September_ __________ 73. 7 76.3 72.8 75. 6 76. 4 74. 4
October____._____.____ 64. 7 66. 1 63. 2 66. 3 66. 1 64. 6
November___________ 54. 5 55. 7 51.9 56. 2 55. 7 53. 5
December____________ 46. 9 47.7 45. 2 47.7 481 48.3
Average annual . ____ 63. 1 63. 9 62. 4 64. 8 64. 4 63. 5
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WELL-NUMBERING SYSTEM

The well-numbering system used in California by the Geological
Survey shows the locations of wells according to the rectangular sys-
tem for the subdivision of public land. For example, in the number
27/21-3A1, which was assigned to a well in the town of Lost Hills,
the part of the number preceding the slant indicates the township
(T. 27 S.), the part between the slant and the hyphen shows the
range (R. 21 E.), the part between the hyphen and the letter indi-
cates the section (sec. 3), and the letter following the section num-
ber indicates the 40-acre subdivision of the section as shown in the
accompanying diagram.

D c 8 A
E F G H
3
M L K J
N P Q R

Within each 40-acre tract wells are numbered serially, as indi-
cated by the final digit of the number. Thus, well 27/21-3A1 is
the first well to be listed in the NE14,NE1; sec. 3, T. 27 S,, R. 21 E.
As all the Avenal-McKittrick area is in the southeast quadrant of
the Mount Diablo base and meridian, the foregoing abbreviation of
township and range is sufficient.

Objects other than wells have been described by a location num-
ber similar to a well-location number but without the final digit.
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For example, an oil well in the NE14NE1, sec. 15, T. 24 S., R. 18 E.,
near Avenal Gap, may be described as being in 24/18-15A.

PHYSIOGRAPHY

TOPOGRAPHY AND DRAINAGE

The Avenal-McKittrick area for the most part lies in the Great
Valley geomorphic province as defined by Jenkins (1938) but in-
cludes Kettleman Hills, Kettleman Plain, Reef Ridge-Pyramid
Hills, and McLure Valley of the Coast Ranges province of Jenkins
(1938).

The part of the San Joaquin Valley south of Tulare Lake is for all
practical purposes a basin of interior drainage (Davis and others, 1959,
p. 18). There the drainage is poorly integrated; the streams flow
toward the valley trough and thence northward by way of Buena
Vista Slough to Tulare Lake bed. Formerly, water collected in Tulare
Lake and overflowed northward to the San Joaquin River during
periods of exceptionally heavy runoff when the lake surface reached
an elevation of as much as 210 feet above sea level. At present most
of the lake bed has been reclaimed and is under cultivation; the
northwestern part contains the lake which is confined by dikes and
levees.

All the streams in the area are intermittent and flow only during
periods of heavy rainfall. In periods of average rainfall virtually
all the runoff from these streams is absorbed by permeable alluvial-
fan deposits before reaching the valley trough.

SAN JOAQUIN VALLEY

The surface of the San Joaquin Valley is characterized by several
types of topography which may be grouped into four geomorphic
units (Davis and others, 1959, p. 16) : Dissected uplands, low plains
and fans, river flood plains and channels, and overflow lands and lake
bottoms. The first, second, and fourth units are recognized in the
Avenal-McKittrick area. Their general extent is shown on the inset

map on plate 1.
DISSBECTED UPLANDS

The dissected uplands (idem) are underlain chiefly by the mod-
erately deformed Tulare formation, slightly warped old stream
deposits, and alluvium. This geomorphic unit has several low,
deeply eroded hills or ridges which protrude through the relatively
smooth alluvial plains. These hills include Kettleman, Lost, and
Elk Hills, the low hills and much dissected surface near North
Belridge and west of South Belridge. Elsewhere, the dissected up-
lands include low hills underlain chiefly by deformed sediments of
continental origin along the eastern margin of the Temblor Range
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and the upper, more dissected parts of alluvial fans bordering de-
formed marine sediments of the Coast Ranges.

Kettleman Hills are an elongate group about 28 miles long and 5
miles wide which rise sharply several hundred feet above the low
plains and fans on the west side of the San Joaquin Valley. They
consist of three northwestward-trending anticlinal structures—North
Dome, Middle Dome, and South Dome—which form a chain that is
nearly parallel to the trend of the Diablo Range (pl. 1; fig. 2).
The hills attain a maximum altitude of 1,366 feet above sea level
near the north end and gradually decrease in height and rugged-
ness toward the south where they merge almost imperceptibly into

the low plains a few miles east of Devils Den ranch.
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F16URE 2,—Sketch map showing location of anticlines in Avenal-McKittrick area
and vicinity, California.
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Most of the trunk streams are consequent and flow down the
slopes roughly at right angles to the trend of the hills and the
strike of the strata, but many of the tributary streams are more or
less parallel to the strike of the strata and form nearly right angles
with the trunk streams.

Around the periphery of Kettleman Hills the dissected uplands
include a band of deformed continental deposits and older alluvium
about 2 miles in width. West of Kettleman Plain they include a
discontinuous band of deformed continental deposits that overlie
marine sediments of Tertiary age of the Diablo Range, and the
higher parts of the alluvial fans that border the continental and
marine sediments.

Lost Hills, about 4 miles southeast of the South Dome of Kettle-
man Hills, form a low ridge rising above Antelope Plain. These
hills have a northwestward trend and are about 8 miles long and
more than a mile wide. The maximum relief is near the center of
the hills which stand about 80 feet above the adjacent Antelope
Plain and about 125 feet above the main San Joaquin Valley to
the northeast. The southwestern slope is very gentle, but the north-
eastern slope is steep and has been dissected to a depth of about 100
feet by the headward erosion of several streams. Lost Hills were
so named because, though easily seen from the east, they appear to
be lost when viewed from the west, where the slight eastward rise
is hardly apparent.

Several small northeastward-trending streams have cut trans-
versely across the hills and have an uninterrupted flow from Ante-
lope Plain to the San Joaquin Valley. Lost Hills is the surface
reflection of an underlying anticline (fig. 2) which extends north-
westward through the Kettleman Hills to Anticline Ridge in the
Diablo Range northeast of Coalinga.

The low hills known locally as the Antelope Hills, which are
about 4 miles west of North Belridge, rise above the plains to the
west only at the north end, where local relief is as much as 50 feet.
To the east and southeast these hills blend into a slightly arched,
much dissected northwestward-trending surface that is characterized
by a local flattening on the west and a steepening on the east where
it blends into the low plains. Although several poorly defined
drainage courses extend northeastward across this surface, most of
the dissection has been accomplished by local stream gullying on the
eastern slopes. This dissected, slightly hilly area is the surface
reflection of an anticlinal fold underlying the North Belridge oil
field (fig. 2). A similar anticlinal fold underlies the South Belridge
oil field, which is a few miles to the south. Its topographic expres-
sion is slight, although a rise in altitude can be observed from the
east.

503194 0—590——2
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About 4 miles west of South Belridge a hilly area, known locally
as Bacon Hills, rises above a dissected surface which is crudely ellip-
tical in outline. The drainage courses of Carneros and Chico Mar-
tinez Creeks, which drain much of the mountainous country to the
southwest, are deflected northward and southward, respectively,
around the Bacon Hills. One unnamed stream maintains a course
across the area, and much dissection has been accomplished by local
gullying in the poorly consolidated continental deposits. The Bacon
Hills and the small isolated outcrops of continental deposits to the
northwest indicate the location and trend of an underlying anticlinal
structure that has been drilled successfully for oil.

Elk Hills, which form the southern border of the Avenal-McKit-
trick area and a relatively narrow group of northwestward-trending
hills northeast of McKittrick Valley (pl. 1), are underlain by de-
formed continental deposits. They lie along the north side of a
wedge of west-northwestward-trending foothills that adjoin the east
flank of the Temblor Range. The hills are the surface expression
of an anticlinal fold and are isolated from the foothills to the south
by Buena Vista and McKittrick Valleys which are the surface ex-
pression of a northwestward-trending syncline (Woodring and
others, 1932, p. 41).

The Elk Hills are crudely elliptical in outline, having a length
of about 17 miles and a maximum width of almost 6 miles. They
are separated from the much narrower range of hills north and
northwest of McKittrick by the narrow northeastward-trending
stream gap traversed by the Southern Pacific railroad. The hills
rise to an altitude of 1,551 feet above sea level, about 1,000-1,200
feet above the floor of the San Joaquin Valley. They are drained
by many-branched ephemeral streams, and the terrain is character-
ized by gentle slopes and smoothly rounded hills.

LOW PLAINS AND FANS

The belt of coalescing alluvial fans of low relief that lie between
the dissected uplands and the Coast Ranges on the west and the
nearly flat surface of the valley trough on the east have been called
the “low plains and fans” by Davis and others (1959, p. 21-23). Land-
surface altitudes in this area decline from about 1,000 feet above sea
level on the west to about 200 feet on the east, and, except for trenching
by the major streams, local relief is generally less than 10 feet and in
most places less than 5 feet. The relatively smooth surfaces of the
low plains and fans are interrupted in several places by low hills
which are surface expressions of Coast Range folds. These low
hills serve to subdivide the low plains and fans into several natural
units, as follows: Kettleman Plain, McLure Valley, Antelope Valley,
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Antelope Plain, and the western slope of the valley east of Lost Hills
(pL 1).

Kettleman Plain is a relatively narrow, northwestward-trending
valley occupying a deep alluvium-filled synclinal trough between the
Kettleman Hills and the Kreyenhagen Hills (pl. 1), which are
formed by a chain of structural ridges along the eastern border of
the Diablo Range.

McLure Valley, also known locally as Sunflower Valley, occupies
a shallow northwestward-trending alluvium-filled basin of structural
origin between the Pyramid Hills and Avenal Ridge, the southern-
most spur of the Diablo Range (pl. 1). At its lower end McLure
Valley is connected to Kettleman Plain by an alluvium-floored out-
let, known as Dagany Gap, which is less than a mile wide and
apparently was cut by Avenal Creek. Avenal Gap is a similar
alluvium-floored plain, nearly half a mile wide, which separates the
Middle Dome and South Dome of the Kettleman Hills; it also
appears to have been cut by Avenal Creek. Avenal Creek follows a
course across McLure Valley, passes through Dagany Gap, trends
northeastward across Kettleman Plain, eastward across the uplift
of the Kettleman Hills through Avenal Gap, and debouches onto
an alluvial fan along the west side of the San Joaquin Valley. Old
residents report that in the past Avenal Creek occasionally has fol-
lowed an alternate course arpund the south end of Kettleman Hills
instead of through Avenal éap.

Antelope Valley occupies a shallow northwestward-trending basin-
like depression, probably of structural origin, between the southern-
most spur of the Diablo Range (Avenal Ridge) and the north end
of the Temblor Range (pl. 1). In the western and northwestern
parts of the valley, alluvial deposits have been laid down and form
alluvial fans built for the most part by Polonio and Franciscan
Creeks. The east end of the valley broadens to form Antelope
Plain, where Packwood and Bitterwater Creeks are the principal
sources of the alluvium.

Antelope Plain is a gently sloping alluvial surface covering an
extensive area along the west side of the San Joaquin Valley. In
general, the plain extends from the south end of the Kettleman
Hills to the northeastern border of Elk Hills and from Lost Hills
to the Temblor Range. It includes most of the unit of low plains
and fans of this report.

OVERFLOW LANDS AND LAKE BOTTOMS

The unit of overflow lands and lake bottoms includes a narrow
strip of land west of Buena Vista Slough. Buena Vista Slough
trends northwestward for a distance of about 50 miles from the
Kern River near the east tip of Elk Hills, to Sand Ridge at the
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south end of Tulare Lake bed (pl. 1). The western boundary of
these lands is formed by Elk Hills and the adjacent low plains and
fans along the west side of the valley. Throughout much of its
extent the slough is contained within levees and serves chiefly as a
wasteway for excess flood waters being discharged from the Kern
River and from Buena Vista Lake. The soils in the bed of Tulare
Lake and the Buena Vista Slough area consist principally of heavy,
poorly permeable clays.

COAST RANGES

The mountainous country that forms the western border of the
San Joaquin Valley is the easternmost tier of a series of northwest-
ward-trending mountain ranges that make up the Coast Ranges
physiographic province of Jenkins (19388) and is traversed by the
San Andreas fault zone (fig. 2). According to Taliaferro (1951,
p. 142) this series of mountain ranges evolved as a result of several
episodes of folding and faulting of geosynclinal sediments of Meso-
zoic and Tertiary ages during late Tertiary time. The Avenal-
McKittrick area includes the east flank of the Temblor Range and
part of the easternmost hills that comprise the Diablo Range.

The Diablo Range extends from Carquinez Straits at San Fran-
cisco Bay southeastward along the western border of the San
Joaquin Valley and terminates at Avenal Ridge, which is a rugged
east-southeastward-plunging anticlinal feature that forms the di-
vide between McLure and Antelope Valleys (pl. 1). Other promi-
nent salients or spurs of the Diablo Range that project toward the
San Joaquin Valley include Reef Ridge and the Pyramid Hills.
The Kreyenhagen Hills form a long foothill belt between Reef
Ridge and the Kettleman Plain and are considered a structural
part of the Diablo Range.

The Temblor Range is the dominant feature of the region. It is
separated both topographically and structurally from the Diablo
Range by Antelope Valley. The range has an echelon relationship
to the Diablo Range at its north end and merges with the eastward-
trending San Emigdio Mountains which form the southern border
of the San Joaquin Valley (fig. 2). The Temblor Range has a south-
easterly trend and preserves a broadly even summit line which
reaches its greatest altitude, 4,332 feet above sea level, about 8 miles
west of McKittrick. The northeast slope descends in a series of
irregular tiers of structurally controlled hills, the lowest of which
merge gently into the fans of the San Joaquin Valley.

The smaller streams draining the northeastern slopes of the Coast
Ranges commonly flow in a northeasterly direction almost at right
angles to the structurally controlled ridges. Iarger streams com-
monly flow for some distance parallel to the structurally controlled
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longitudinal ridges and then turn sharply across them to lose their
identity where they debouch on the alluvial plains beyond.

GEOLOGIC FEATURES

PREVIOUS WORK

The geologic history and structure of the San Joaquin Valley are
intimately related to geologic events in the Sierra Nevada and south-
ern Coast Ranges. Major events in the geologic history of the area
since Late Cretaceous time were summarized in tabular form by
Davis and others (1959). More detailed discussions of this subject
may be found in papers by Anderson and Pack (1915), Hoots (1929),
Matthes (1930), Reed (1933), Piper and others (1939), Woodring
and others (1940), and Taliaferro (1943). An excellent summary
of the stratigraphy and structure of the valley was presented by
Hoots and others (1954). More detailed discussions of these sub-
jects may be found in California Division of Mines Bulletin 118
(1943), pt. 3.

Papers outlining the structure and stratigraphy of oil fields in the
Avenal-McKittrick area, notably the Kettleman Hills, Lost Hills,
Pyramid Hills, Devils Den, Blackwells Corner, Antelope Hills,
North Belridge, McDonald Anticline, Cymric, and Elk Hills oil fields
have been presented in “Summary of Operations—California Oil
Fields” (1919-56), published quarterly by the California Depart-
ment of Natural Resources, Division of Oil and Gas.

GENERAL GEOLOGY

The following geologic summary of the San Joaquin Valley is
taken with only slight modification from Davis and others (1959).

Although the full thickness of the sedimentary fill in the San
Joaquin Valley is not known from drilling, several lines of indirect
evidence indicate that the valley is an asymmetrical trough, the axis
of which lies close to the western border of the valley. Vaughan
(1943, p. 68) concluded, from geophysical evidence, that granitic and
metamorphic rocks of the tilted Sierra Nevada fault block continue
westward beneath the valley to the flanks of the Coast Ranges.
Wells penetrating granitic and metamorphic rocks along the east
side of the valley and as far west as the topographic trough (May
and Hewitt, 1948, pl. 10) confirm this hypothesis. The fact that
wells of equal or greater depths on the west side of the valley do
not penetrate basement rocks is further confirmation of the asym-
metrical character of the valley. Published geologic sections (Hoots,
1943, p. 266; de Laveaga, 1952, p. 120; Hoots and others, 1954, pl. 6;
Davis and others, 1959, pl. 2) and interpretations (Hoots and others,
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1954, p. 113-129 and pl. 5) based on the records of many hundreds
of wells drilled for oil present a picture of an asymmetrical valley
in which the basement rocks beneath the surface continue westward
at increasing depths and with little structural disturbance to the
flanks of the Coast Ranges.

During the Cretaceous and throughout much of the Tertiary
periods, the San Joaquin Valley was the site of marine deposition,
although nonmarine beds of Tertiary age are known to interfinger
with marine deposits in several oil fields in the southern part of the
valley. The youngest marine rocks are sediments of the Etchegoin
and San Joaquin formations of middle Pliocene and late Pliocene
age, respectively, which are exposed in the core of the Kettleman
Hills and which form extensive outcrops along the southwestern
margin of the valley. These marine sediments nearly everywhere
are overlain by semiconsolidated and unconsolidated fluvial and
lacustrine deposits of late Pliocene to Recent age.

The sedimentary units penetrated in the oil wells thin to the east
and pinch out against the westward-dipping basement rocks of the
Sierra Nevada block. In the southern part of the valley, rocks of
Cretaceous and early Tertiary age thicken to the west, attaining their
maximum thickness in the Coast Ranges.

During late Tertiary and Quaternary time, sedimentation in large
part was confined to the present valley trough, although locally great
thicknesses of deposits of these ages are exposed along the western
margin of the valley.

The Diablo Range and the Temblor Range, which mark the west-
ern border of the San Joaquin Valley, are the easternmost of a series
of northwestward-trending mountain ranges that make up the south-
ern Coast Ranges. They are composed chiefly of sharply folded
and intricately faulted marine sedimentary rocks of Mesozoic and
Tertiary ages. The Diablo Range, although anticlinal in general, is
not a single fold but rather an assemblage of folds, many of which are
more or less oblique to the general structural trend. Its core is com-
posed of folded and contorted sedimentary, igneous, and metamor-
phic rocks of the Franciscan formation of Jurassic and Cretaceous
age. In the Avenal-McKittrick area the main salients or subsidiary
structural features of the Diablo Range that trend toward the San
Joaquin Valley are the echelon folds expressed topographically as
the Kettleman Hills, Lost Hills, and others (fig. 2).

The Temblor Range forms the southwestern border of the San
Joaquin Valley and merges with the eastward-trending San Emigdio
Mountains which form the southern border of the valley. The range
is composed of tightly folded sedimentary rocks chiefly of Tertiary
age. Although its structure is complex throughout, the complexity
increases toward the south, where a series of east-southeastward-
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trending anticlinal ridges and synclinal valleys extend out into the
San Joaquin Valley.

Although the Coast Ranges have been established throughout a
long interval of geologic time, they owe their present form largely
to tectonic movements which resulted in deformation of marine sedi-
ments of late Tertiary age and continental deposits of late Tertiary
and Quaternary age that border the valley. According to Hoots and
others (1954, p. 128) the orogeny that produced most of the folding,
faulting, and mountain building took place in middle Pleistocene
time. In the Avenal-McKittrick area most if not all the anticlinal
folds were formed or at least underwent the greater part of their
present structural deformation at that time. Sedimentary deposits
of the foothills and mountain areas forming the western border of
the valley underwent pronounced uplift and compression which pro-
duced a complex pattern of tightly folded, overturned, and thrust-
faulted anticlinal structures. Hoots and others (1954, p. 128) report
that :

Although it is certain that anticlines of the San Joaquin basin developed
most of their present character and structural relief during the mid-Pleistocene
orogeny, there is considerable evidence that some and possibly most of them
began to develop as early as late Miocene or early Pliocene time, and experi-

enced additional growth as broad, gentle folds during later Pliocene and early
Pleistocene time.

In the Avenal-McKittrick area the anticlinal structures formed
during this orogeny have warped the continental deposits of late
Tertiary and Quaternary age at Kettleman Hills, Lost Hills, the
hills west of North Belridge and South Belridge, and Elk Hills,
where older sediments have been brought to the surface and exposed
in topographic highs. These anticlinal structures commonly are
flanked by structural depressions that contain continental deposits
that were laid down subsequently.

The chief significance of these structural features is their effect
on the quality of ground water. In general, the structural highs
are areas where connate marine waters are found at relatively shal-
low depth, and the structural depressions contain maximum thick-
nesses of continental deposits that contain water of relatively good
quality.

GEOLOGIC UNITS AND THEIR WATER-BEARING PROPERTIES

The geology shown on plate 1 is a compilation of work done by
others (p. 5). On the basis of these earlier studies, the geologic
units of the Avenal-McKittrick area were divided into two principal
groups: (1) consolidated rocks, which include the Franciscan
formation and ultramafic rocks, undifferentiated, of Jurassic and
Cretaceous age, and sedimentary rocks, undifferentiated, of Creta-
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ceous and Tertiary age; and (2) unconsolidated to loosely consoli-
dated deposits that include the Tulare formation of Pliocene and
Pleistocene( ?) age, old stream deposits of Pleistocene age, and allu-
vium and flood-basin sediments of Pleistocene and Recent age.

The consolidated rocks are poorly permeable to impermeable.
Locally, the sedimentary rocks contain connate water of poor chemi-
cal quality. The unconsolidated deposits supply nearly all the water
pumped from wells. Of the unconsolidated deposits the Tulare for-
mation and the alluvium are the most permeable and are tapped by
most of the wells in the area. Collectively, the unconsolidated de-
posits range in thickness from a few feet along the contacts with
older rocks to several thousand feet beneath Kettleman Plain and
Tulare Lake. In general they are thickest in synclinal troughs and
thinnest on the flanks or over the crests of anticlines.

CONSOLIDATED ROCKS

The consolidated rocks have been mapped in detail by previous
workers who have identified them as follows: The Franciscan for-
mation of Jurassic and Cretaceous age; the Panoche formation of
Late Cretaceous age; the Tejon formation, Avenal sandstone, and
Kreyenhagen shale of Eocene age; the Temblor sandstone, McLure
shale member of the Monterey shale, and Reef Ridge shale of Mio-
cene age; and the Jacalitos, Etchegoin, and San Joaquin formations
of Pliocene age. In this report and on the geologic map (pl. 1)
these formations have been divided into three groups: The Francis-
can formation and ultramafic rocks, undifferentiated, undifferenti-
ated sedimentary rocks of Cretaceous age, and undifferentiated sedi-
mentary rocks of Tertiary age.

The Franciscan formation consists of a heterogeneous assemblage
of sedimentary, volcanic, and locally metamorphosed rocks that have
been intruded by mafic and ultramafic igneous rocks. Irregular
masses and dikelike bodies of serpentine associated with this series
of rocks probably are an alteration product by the ultramafic intru-
sive rocks. As shown on the geologic map (pl. 1) the Franciscan
locally is separated from the marine sedimentary rocks of Cretaceous
and Tertiary age by steeply inclined faults. Thus, its thickness and
lateral extent are not known. However, studies made in other parts
of the Coast Ranges, where the Franciscan is better exposed, indicate
that this series of rocks forms the basement upon which a large part
of the Cretaceous and later sediments were deposited.

The Cretaceous rocks, which attain their maximum thickness in
the Coast Ranges, consist of a thick monotonous sequence of arkosic
sandstone, conglomerate, sandy shale, thin impure limestone, and
organic shale. They dip steeply toward the valley and wedge out
against the basement complex of the Sierra Nevada near the east
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edge of the San Joaquin Valley where they are overlapped by conti-
nental deposits. At depth beneath the valley they contain connate
saline waters unsuitable for any present agricultural purpose.

The marine sediments of Tertiary age attain a thickness of at
least 15,000 feet near the western border of the valley and, like the
Cretaceous rocks, thin eastward and wedge out against the basement
complex of the Sierra Nevada where they too are overlapped by
younger continental deposits. The rocks of early Tertiary age con-
sist chiefly of shale, in large part organic, and conspicuous sandstone
strata, whereas the rocks of late Tertiary age consist chiefly of sand
containing abundant volcanic detritus and silt with some sandstone
and conglomerate.

The consolidated rocks are generally of low permeability and trans-
mit little water. Most contain fractures induced by folding and
faulting; these openings probably convey small quantities of water
to the adjacent unconsolidated deposits or yield small amounts of
water to a few wells. Many of the small springs in creeks and
ravines along the east side of the Coast Ranges evidently serve as
outlets for ground water contained in such fracture systems.

Water wells drilled through the unconsolidated deposits into the
underlying consolidated rocks usually are plugged back to beds in
the Tulare formation or younger deposits because of the poor quality
of the water at depth. Therefore, in these areas, except locally, it is
unlikely that formations older than the Tulare would be tapped as
a source of fresh-water supply.

UNCONSOLIDATED ROCKS

The unconsolidated deposits have been mapped by previous workers
as the Tulare formation of Pliocene to Pleistocene(?) age; older
alluvium, stream-terrace deposits, and old fan deposits of Pleistocene
age; and younger alluvium, lake sediments, and basin deposits of
Pleistocene and Recent age. In this report and on the geologic map
(pl. 1), these deposits have been divided into four groups: The
Tulare formation, old stream deposits of Pleistocene age, alluvium of
Pleistocene and Recent age which includes younger and older alluvial
deposits exposed on and underlying the valley floors, and flood-basin
deposits approximately equivalent in age to and interfingered with
the alluvium underlying Tulare Lake bed and Buena Vista Slough.
The stratigraphic and structural relations and the general litholegic
character of the unconsolidated deposits beneath Kettleman and
Antelope Plains and Antelope and McLure Valleys are shown on
plates 1 and 2.

The Tulare formation has been mildly folded; the old stream de-
posits have been uplifted, dissected, and locally tilted gently; and
the youngest materials comprising the alluvium and flood-basin sedi-
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ments are almost undisturbed. Except for the fine-grained flat-lying
flood-basin deposits, all these units are similar lithologically. Hence,
only along the valley margins where there has been uplift and ero-
sion is it possible to distinguish between them. In the subsurface
it is virtually impossible to recognize these distinctions, which are
based largely on structural deformation and physiographic position
rather than or lithologic features. Accordingly, except locally, no
attempt was made to distinguish the units on the detailed geologic
sections presented on plate 2.

TULARE FORMATION

The Tulare formation consists chiefly of unconsolidated continental
deposits along the western border of the San Joaquin Valley that
have been mapped by previous workers. Information concerning the
surface extent of the Tulare was compiled from several sources as
shown on the inset source map (pl. 1). Stewart (1946) mapped the
Tulare along the west side of Kettleman Plain, where it rests com-
formably on semiconsolidated marine sediments and forms the high-
est parts of the Kreyenhagen Hills. Woodring and others (1940)
showed that in the Kettleman Hills outcrops of the Tulare forma-
tion form a nearly continuous rim of intricately dissected deposits
that in most places rest conformably on semiconsolidated marine
sediments of the San Joaquin formation, which is exposed in the
core of the hills. Woodring and others (1932) mapped the Tulare
exposed in the Elk Hills along the southern border of the area.
Exposures of the Tulare formation along the crest of the Temblor
Range in the Bitterwater Creek area were mapped by English
(1921). Other exposures along the western border of the valley
were mapped by Arnold and Johnson (1910) and English (1921).
Unpublished mapping by many oil-company geologists was compiled
by Kundert (1955) for the geologic map of California.

The dissected uplands forming Lost Hills, the hills west of North
and South Belridge, and other isolated outcrops protruding through
Quaternary alluvium near the western border of the valley probably
are underlain chiefly by the Tulare formation, which has been arched
and uplifted along the northwestward-trending anticlines (fig. 2).
On the geologic map of California (Kundert, 1955) most of these
areas have been shown as Pliocene to Pleistocene nonmarine deposits,
although older alluvial deposits, which are difficult to-distinguish
from the Tulare formation, may make up many of the exposures in
these areas. However, because of the similarity between the Tulare
and the older alluvial deposits and because of the lack of detailed
geologic mapping in the dissected areas, they are shown on the geo-
logic map (pl. 1) as the Tulare formation.
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Discontinuous exposures of the Tulare formation in the foothills
and along the east flanks of the Coast Ranges extend from a point
several miles north of Corral Hollow Creek in San Joaquin County
to Wheeler Ridge at the south end of the valley. In the synclines,
however, the Tulare is covered by unknown thicknesses of alluvium,

The Tulare formation was named by F. M. Anderson (1905),
p- 181-182), but a type locality was not designated. The Kettleman
Hills have been regarded as the type locality, and Woodring pro-
posed that the section on La Ceja (north of area shown on pl. 1) on
the east side of North Dome be designated the type locality (Wood-
ring and others, 1940, p. 13). Woodring placed the base of the
Tulare just above the youngest widespread marine deposits compris-
ing the upper Mya zone of the San Joaquin formation. At the type
locality there is no evidence of a major discontinuity at this horizon,
and the boundary represents a change from marine to continental
deposition. The change is not abrupt, however, because continental
deposits occur below the contact, and a few marine strata are found
in the basal part of the Tulare formation. Although the Tulare
conformably overlies the San Joaquin formation in the Kettleman
Hills, it rests unconformably on sediments of Pliocene age and on
older formations along much of the eastern border of the Diablo and
Temblor Ranges (Woodring and others, 1940, p. 14).

Stratigraphic studies, based on electric-log data from many oil
fields, indicate that the Tulare formation rests unconformably on
the truncated edges of marine sedimentary rocks of Pliocene and
Miocene age. Although the absence of diagnostic fossils has hindered
the correlation of the Tulare beyond the type locality in the Kettle-
man Hills, its locality has been extended by other workers to the
north and south on the basis of lithologic similarity and strati-
graphic position.

As defined by Woodring, the Tulare formation includes those con-
tinental beds in the Kettleman Hills that have been deformed or
tilted at an angle to their original plane of deposition. At those
places along the valley margin where the alluvium and old stream
deposits overlie the Tulare with angular unconformity, the contact
is established readily. However, at many places along the valley
border the dips increase westward so gradually that the contact be-
tween the alluvium and the Tulare formation is difficult to identify.
Because of the similar lithology of the alluvium and the Tulare,
their contact beneath the valley floor is virtually impossible to recog-
nize in well logs.

The exposed thickness of the Tulare formation ranges from a few
tens of feet along the western margins of the valley to about 3,500
feet in the Kettleman Hills. Because the Tulare is overlapped by
alluvium and old stream deposits, its full thickness probably is not
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exposed. The available information on the thickness and depth to
the base of the Tulare in several parts of the Avenal-McKittrick
area and the source of the information are summarized in table 4.
After studying the structural relations in the Kettleman Hills-Reef
Ridge areas, Woodring and others (1940, pl. 51) postulated that the
Tulare, which is overlain by 1,000 to 1,500 feet of alluvium, reaches
a maximum thickness of about 5,000 feet in the syncline beneath
Kettleman Plain (pl. 1). Near Avenal Gap the Tulare thins to
about 3,800 feet, and southeast of Devils Den ranch, where it is ex-
posed at the land surface, the Tulare has a maximum thickness of
about 3,000 feet.

Although the interpretation given by Woodring suggests that the
Tulare formation thins toward the southeast both in the Kettleman
Hills and in the syncline west of the hills, the formation probably
continues in a southeasterly direction for a considerable distance
beneath the alluvium of Antelope Plain. Its depth, thickness, and
lateral extent in this area are little known. Although its thickness,
depth, and lateral extent east of the Kettleman Hills-Lost Hills
upwarp are little known, information shown in table 4 indicates that
the Tulare thickens rapidly east of the Lost Hills anticline and
reaches a maximum of about 2,000 feet in the Trico gas field in the
central part of the San Joaquin Valley about 15 miles west of
Delano. West and southwest of Lost Hills the thickness and depth
to the base of the Tulare (table 4) are well known only where struc-
tural highs have been drilled for oil. In these areas the Tulare has
been uplifted and structurally deformed, and unknown thicknesses
may have been removed from the crests of the folds by subsequent
erosion. The thickness and depth of Tulare deposits in synclinal
troughs adjacent to the structural highs generally are not well known,
owing to the fact that few exploratory oil wells have been drilled
in structural depressions.

Lithologically the Tulare formation is similar to the alluvium
now being deposited along the west side of the valley. The forma-
tion generally consists of poorly sorted predominantly silty mate-
rials containing lenses of coarse sand and gravel and locally thin
beds of argillaceous limestone, marl, and marly silt. The fine-grained
beds are loose to semiconsolidated; the gravels locally are cemented
by either calcium carbonate or gypsum to form resistant strata of
conglomerate. Not all the sediments are of fluvial origin. Strata
of diatomaceous clay, such as that near the base of the formation
in the Kettleman Hills, and a widespread diatomaceous clay in the
Mendota-Huron area, which was described in detail by Davis and
others (1959, p. 76) and Frink and Kues (1954), represent lacustrine
deposits, as do possibly some of the well-sorted fine sand and thin-
bedded silt, clay, and limestone. Most of the formation consists of
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TABLE 4.—Thickness and depth to the base of the Tulare formation in the Avenal-
MecKittrick area

[Where practicable reported thicknesses are arranged from north to south and from west to east]

Thickness | Depth to
Location (feet) base (feet) Source of information
Kreyenhagen Hills_ . ___________ 3,000+ 3,000+ | Stewart (1946, p. 105).
Kreyenhagen Hills, southern | 2,0004( 2,0004+| Arnold and Anderson
part. (1910, p. 149).
Kettleman Plain, about 3.5 miles | 5,000+ 6,300+ Woodring and others
northwest of Avenal. (1940, pl. 51, sec. A—A4").
Kettleman Plain, about 7.5 miles | 5, 000&| 6, 500+| Woodring and  others
southwest of Avenal. (1940, pl. 51, sec. B-B’).
Kettleman Plain, about 4 miles | 3,8004| 4,000+ Woodring and  others
northwest of Avenal Gap. (1940, pl. 51, sec. C-C").
Antelope Plain, about 1.5 miles | 2,800+ 2, 800+ Woodring and others
southeast of Devils Den ranch. (1940, pl. 51, sec. D-D’).
Kettleman Hills, west side, north- | 1,700 |________ Woodring and  others
ern North Dome. (1940, p. 14).
Kettleman Hills, west side, south- | 2,600 |._______ Do.
ern North Dome.
Kettleman Hills, east side, south- | 1,700 |________ Do.
ern North Dome.
Kettleman Hills, central Middle | 3,500 |________ Do.
Dome.
Kettleman Hills, South Dome____| 2,400 |________ Do.
Blackwells Corner oil field_______ 400~ 700- | Karmelich (1951, pl. IV,
900+| 1, 600+ sec, C-C’). -
Lost Hills oil field, crest of anti- 200+ _____ Ayars (1939, p. 82).
cline in highest part of hills.
Lost Hills oil field, Tidewater As- | 1,1004+|________ Do.
sociated Oil Co., Taylor 1 (26/
20-1E).
Trico gas field (24/23-17, 18), | 2,000+ ____.__ Wagner (1952, p. 133).
about 18 miles northeast of
Lost Hills.
Antelope Hills oil field (28/20-6) _ 800+ | 1,200+ Woodwzr::lé1 ,)(1942, pl. 2,
sec. A-A").
North Belridge oil field.. _______ 200+ |- ____ Dooley (1952, p. 205).
North Belridge oil field_ ________ 600+ . _____ Wharton (1943, p. 502).
McDonald anticline oil field (28/ 500- 600- | Ritzius (1954, pl. IV, sec.
20-18, 20). 600 700 B-B’).
South Belridge oil field (28/20-24, 500- 850- | Ritzius (1950, pl. V, seec.
28/21-19) ; thickness and depth | 1, 100 1, 400 C-C").
increases in an easterly direc-
tion away from crest of struc-
ture.
South Belridge oil field (29/21-3, 500- 800- | Ritzius (1950, pl. III, sec.
12); thickness and depth in- | 1, 100 1, 300 A-A").
creases in a southeasterly direc-
tion parallel to plunge of struc-
ture.
Cymric oil field (29/21-22,26)____| 1,000~ | 1, 300 | Peirce (1947, pls. IV and
1, 500 1, 800 V, sees. A-4’ and
B-B").
Elk Hills oil field_______________ 875- |._______ Woodring and  others
2, 950 (1932, p. 25).

reworked sedimentary materials derived from older rocks in the Coast

Ranges.

Pyroclastic materials are abundant in the lower part of the

formation in the Kettleman Hills (Woodring and others, 1940, p. 13)
and may be abundant elsewhere.
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As few wells are known to penetrate the Tulare formation in the
Avenal-McKittrick area, its water-bearing properties are not known.
However, except in the basal part where brackish connate water may
occur, it probably contains water similar in quality to that yielded
by wells tapping the alluvium. The subsurface section of the Tulare
consists chiefly of discontinuous, lenticular, and commonly elongated
bodies nf poorly sorted silt, sand, and gravel probably laid down for
the most part on extensive alluvial fans by intermittent streams. In
general, the deposits become progressively coarser toward their
source area in the Coast Ranges. Because of their predominantly
fine-grained poorly sorted character and their moderate degree of
consolidation, the deposits on the average probably are only moder-
ately to poorly permeable.

OLD STREAM DEPOSITS

The old stream deposits of this report include remnants of old
dissected stream-terrace and alluvial-fan deposits that lie above the
floors of present streams and valleys. These deposits in the Kreyen-
hagen Hills-Reef Ridge areas and in the Kettleman Hills were
mapped as older alluvium by Stewart (1946) and by Woodring and
others (1940), respectively. These remnants may correspond or be
equivalent to a part of the great thicknesses of older alluvium and
younger alluvial deposits beneath the valley floors, which together
have been termed the alluvium in this report. Although the old
stream deposits in other parts of the Avenal-McKittrick area have
not been mapped, they occur in and near the foothills of the Coast
Ranges at several levels above the present stream courses.

The old stream deposits in the Kettleman Hills consist of dissected
alluvial deposits generally 25 to 150 feet above the present stream
beds. They are composed chiefly of silty sand that encloses occa-
sional lenses or stringers of coarse sand and gravel. The gravel
layers consist chiefly of subrounded cobbles and granules of volcanic
rocks, brown sandstone, and red, green, and black chert.

The old stream deposits in the Kreyenhagen Hills-Reef Ridge area
generally are less than 15 feet thick. They consist chiefly of boulders,
gravel, and sand that have been deposited on stream terraces 25 to
150 feet above present stream channels.

As nearly all the old stream deposits shown on the geologic map
(pl. 1) occur above the zone of saturation, they are not a source of

ground-water supply.
ALLUVIUM

The unit shown as alluvium on the geologic map (pl. 1) includes
principally the younger alluvium, whose surface actively receives
deposition during the infrequent periods of runoff, and the older
alluvium, which in large part is concealed beneath the younger de-
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posits and in small part is exposed around the valley margins and
locally in areas where dissection has occurred. The alluvium also
is defined to include alluvial-fan deposits around the valley margins
and minor areas of dune sand beneath Dudley Ridge and Sand Ridge
(pl. 1) at the south end of the Tulare Lake bed.

The alluvium underlying much of the Avenal-McKittrick area
consists of a poorly sorted heterogeneous complex of silt and sand
enclosing lenses and tongues of coarse sand and gravel. The deposits
are coarsest near the mountains and grade into fine materials in the
valley. These deposits are lithologically similar to those of the
Tulare formation, although as pointed out by Reiche (1950, p. 9) in
a discussion of the foothill area along the west side of the San
Joaquin Valley west of Tracy, they generally are somewhat coarser,
looser, and cleaner than those of the Tulare formation. The char-
acter and thickness of the alluvium in Kettleman Plain, McLure
Valley, and Antelope Valley are shown on plate 2 and by representa-
tive drillers’ logs in table 10.

Although the maximum thickness of the alluvium is unknown,
sections presented by Woodring and others (1940, pl. 51) show the
alluvium extending to depths as much as 1,500 feet beneath Kettle-
man Plain. There the deposits rest on the Tulare formation which
is of similar composition and lithology. In McLure Valley the
continental deposits, chiefly alluvium but possibly including part of
the Tulare formation, rest unconformably on semiconsolidated ma-
rine sediments at depths of 300 to 400 feet below the land surface
(pl. 2). Similarly drillers’ logs of water wells in Antelope Valley
reveal from 200 to 700 feet of continental deposits overlying con-
solidated rocks of marine origin (pl. 2).

The alluvium of the Avenal-McKittrick area presumably was laid
down by intermittent streams of the Coast Ranges under conditions
similar to those of the present time. A downstream decrease in
carrying power has been and is at present the principal cause of
deposition. All the streams tributary to the area have flatter gradi-
ents in the valley areas than in their mountain watersheds. Ac-
cordingly, much of the load, including most of the coarse detritus,
is carried to and deposited in the valley areas. Loss of flow by seep-
age to ground water further decreases the carrying power of the
streams in the valleys.

In general the streams drop the coarsest part of their load where
they issue from the mountains; progressively finer grained mate-
rials carried by the streams are deposited farther out on the valley
floor. Thus, in the lower areas streams of this type tend to build up
sloping plains more or less semicircular in outline with their high-
est points or apexes near the confined channels from which the
streams emerge. Because the surfaces formed by this type of de-
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posit generally have the form of part of a low nearly flat cone, they
are called alluvial cones or fans.

The streams generally build up their channels in periods of flood;
when they overflow their banks the velocity of the current is checked,
and part of the suspended load is deposited near the edge of the
channels to form raised banks that are natural levees. When the
bottoms of the channels have been built above the adjacent parts of
the fans, the streams tend to break out, to take lower courses, and
in turn to build them up. Consequently, the principal channels or
distributaries on the surfaces of the fans change course frequently
as they become choked with alluvial debris in a relatively short
time. When the water subsides, erosion takes place and channels
may be cut into the surface of the fans for some distance below
the mouths of the confined channels. During subsequent periods of
flood, new channels are formed, and the gravel beds of the aban-
doned channels gradually become covered with poorly assorted allu-
vium deposited by lesser distributaries, sheetfloods, and rill wash;
hence, the alluvial-fan deposits as a whole ultimately develop into
a thick mass of poorly sorted material containing a branching net-
work of moderately assorted gravel. These deposits grade laterally
into the thick sequence of younger and older alluvium underlying
the extensive plains and valleys.

East of the Kettleman and Lost Hills the alluvium is in grada-
tional contact with the flood-basin sediments. In most places the
contact between the 2 geologic units is poorly defined, and at depth
the 2 units interfinger over a relatively wide area.

The alluvium is composed of unconsolidated to loosely consoli-
dated silt and sand, enclosing lenses of sand and gravel which in
large part are saturated with water. Because the coarser deposits
for the most part are poorly sorted, their permeability is only mod-
erate. In general the alluvial-fan deposits, which are very poorly
sorted, have a lower permeability than the younger and older allu-
vium beneath the extensive plains and valleys. In addition, the
deeper and older alluvial deposits, which are more compacted and
locally cemented, have a lower permeability than the shallower and
younger deposits, which are loosely consolidated.

Most of the 844 water wells investigated in the Avenal-McKittrick
area in 1951 and 1955 obtained their supply from the alluvium. The
wells ranged in depth from about 100 to 1,700 feet and averaged
about 400 feet. For the irrigation wells, yields of more than 1,500
gpm (gallons per minute) were uncommon; the average was about

600 gpm (table 7).
FLOOD-BASIN SEDIMENTS

The flood-basin sediments include the lake sediments and other
fine-grained materials deposited under sluggish floodwater or lacus-
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trine environments in Tulare Lake and Buena Vista Slough in the
trough of the San Joaquin Valley (pl. 3). They are coinposed
chiefly of silt, clay, and fine sand deposited in the still waters of
shallow lakes or by sluggish, slow-moving floodwaters. Except near
former shorelines where they interfinger with beach-sand and allu-
vial-fan deposits, the lake sediments consist chiefly of layers of
relatively impermeable silt and clay.

The sediments along Buena Vista Slough are composed chiefly of
relatively impermeable layers of clay and sandy clay, interbedded
with moderately to poorly permeable sand layers. Because of their
fine-grained character, the flood-basin sediments generally are poorly
permeable and are tapped only by a few stock wells.

GROUND-WATER CONDITIONS
OCCURRENCE, RECHARGE, AND MOVEMENT

In the Avenal-McKittrick area the unconsolidated continental
deposits of late Tertiary and Quaternary age constitute the prin-
cipal source of ground-water supply. The water-bearing deposits
consist chiefly of the alluvium and in part the Tulare formation
and are substantially more permeable than the consolidated rocks
of marine origin that make up the mountainous country west of
the valley. The consolidated rocks in general are barriers to ground-
water movement and thus form the western boundary and the base
of the ground-water body in this part of the San Joaquin Valley.

Ground water generally occurs either under unconfined (water-
table) or confined (artesian) conditions. The water table, or surface
of an unconfined-water body, is the upper surface of the zone satu-
rated with water under hydrostatic pressure; it is the level at which
the hydrostatic pressure is equal to atmospheric pressure. Above it
is the capillary fringe, the lower part of which also may be saturated,
but with water at less than atmospheric pressure. Confined water is
contained in aquifers overlain by materials of sufficiently low per-
meability to hold water in the aquifer under artesian pressure. Even
the least permeable confining beds in the area permit slow, perhaps
inperceptible, movement into or out of confined aquifers. On the
other hand, owing to differences in horizontal and vertical permea-
bility, water bodies that generally are considered to be unconfined
may react to fluctuations in pressure due to pumping in much the
same manner as confined-water bodies, but the amplitude of such
fluctuations will be less.

Because of the heterogeneous character of most unconsolidated al-
luvial deposits, confinement in them is commonly a matter of degree,
and the time element must be considered. In most alluvial deposits
there is enough hindrance to the vertical movement of ground water
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between separate aquifers that differences in head between the aquifers
exist during periods of heavy pumping. During periods of little
draft, the head in all the aquifers may recover to a level common
with water table. Such conditions of occurrence commonly are called
semiconfined, to indicate that, although the aquifers are subject to
pressure effects over short periods, the head adjusts to equilibrium
with the water table over long periods of time and under steady-state
conditions.

In most of the Avenal-McKittrick area, ground water occurs un-
der unconfined or semiconfined conditions in heterogeneously assorted
alluvium. Although confined water has not been recognized in most
of the Avenal-McKittrick area, it may occur in the topographic
trough of the valley. During a ground-water study made in 1905-
07 Medenhall and others (1916, pl. 1) outlined the area of flow-
ing wells in the valley. At that time the western boundary of the
artesian area, south of Tulare Lake, closely approximated the east-
ern border of the Avenal-McKittrick area. Several wells drilled
along the southwestern border of Tulare Lake basin in the Kettle-
man City area before 1921 reportedly discharged small quantities
of water of poor quality. Well 25/21-22H1, near Buena Vista
Slough, was drilled to a depth of 649 feet before 1919 and report-
edly had a small flow of water that was too highly mineralized for
agricultural use. In July 1951 the water level in the well stood
39.9 feet below the land surface; in November 1955 the casing was
open to a depth of 615 feet, and the water level was 66.8 feet below
the land surface; and on May 24, 1956 the water level was 62.2
feet below the land surface. The lowering of the water level in this
well between July 1951 and November 1955 probably was the result
of long-continued heavy withdrawals of water, in excess of replen-
ishment, from confined deposits in the trough of the valley.

The ultimate source of the ground-water recharge in the Avenal-
McKittrick area is precipitation that falls on the valley floor and
on the eastern slopes of the Coast Ranges bordering the valley.
Replenishment to ground water occurs by seepage loss from streams,
by deep penetration of rainfall, by losses of imported water from
irrigation canals and ditches, and by deep penetration of the im-
ported water applied for irrigation in excess of plant requirements.

Seepage loss from intermittent streams draining the Coast Ranges
probably is the chief source of recharge to the ground water. Al-
though most of the streams maintain fairly well-defined drainage
channels for some distance east of the valley margins, only the
largest maintain drainage courses that reach the axial trough of
the valley. The poor definition of the drainage channels indicates
that little water leaves the area by surface outflow. Except in times
of exceptional floods, most of the surface runoff from the streams is
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lost by seepage into the moderately permeable alluvial deposits over
which they flow. Because there are few precipitation stations in
the drainage basins tributary to the Avenal-McKittrick area and
because there are no gaging stations on the streams, no quantitative
estimates of recharge to ground water have been made. However,
the tributary drainage basins are small and have meager rainfall.
Therefore, it is believed that the mean annual runoff from the
basins and recharge to ground water are relatively small.

Deep penetration of rainfall may be a significant source of re-
charge to the ground-water body when there is ample rainfall.
However, in the Avenal-McKittrick area rainfall averages much
less than 12 inches per year, which for practical purposes may be
considered the lower limit of precipitation below which little deep
penetration of rainfall occurs (Blaney, 1933, p. 89). Thus, except
for years when rainfall is in excess of about 12 inches (table 1),
rainfall is not a significant source of recharge to ground water.

As importations of water to the Avenal-McKittrick area are minor
under present development, deep penetration of irrigation water and
losses from irrigation canals and ditches represent only minor
sources of ground-water recharge.

Plate 3 shows the locations of all water wells investigated and
water-level contours for the autumn of 1955. Also shown are the
areas irrigated in 1955 and in certain prior years. The altitudes of
the water levels in wells were determined from depth-to-water
measurements made in October and November 1955, and the water-
level contours were drawn from these data. Water-level contours
are not shown for much of the area south of U.S. Highway 466
because of the scarcity of wells in which water-level measurements
could be made. Where possible, the shape and slope of the ground-
water surface are shown by water-level contours drawn at 10-foot
intervals. In McLure and Antelope Valleys the water-level con-
tours were drawn at 50-foot intervals because of the relatively steep
gradients in these areas.

Contours drawn on the surface of the water body show its con-
figuration in much the same way that topographic contours show
the shape of the land surface. Ground-water movement is always
in the downslope direction and at right angles to the contours.
Thus, the contours show the direction of ground-water movement
and hence indicate the areas of recharge and discharge.

Except for local pumping depressions, the contours on plate 3
show that in 1955 ground water was moving out of the several
valleys through gaps or broad valley mouths and thence eastward
toward the San Joaquin Valley. The details of the occurrence and
movement of ground water are discussed by subareas of general
extent in the following pages. The subareas comprise Kettleman
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Plain, McLure Valley, the subarea east of Avenal Gap, Antelope
Valley, and Antelope Plain and the area east of Lost Hills. Al-
though these subareas are not completely separated hydrologically
one from the other, their generalized extent is shown in figure 3.
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FIGURE 3.—Sketch map showing generalized hydrologic units in the Avenal-McKittrick
area and vicinity, California.
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KETTLEMAN PLAIN

The Kettleman Plain subarea includes all of Kettleman Plain,
Avenal Gap, and the arm of Antelope Plain that extends northward
between the southwestern part of Kettleman Hills and that part of
Pyramid Hills south of Dagany Gap.

Occurrence and movement.—Ground water in the Kettleman Plain
subarea occurs in continental deposits, including the alluvium and
the Tulare formation, that range in thickness from a few feet to
several thousand feet as shown on geologic sections 4-4' and B-B'
(pl. 1). These deposits consist chiefly of unconsolidated to slightly
consolidated, generally poorly sorted, predominantly silty materials
containing lenses and stringers of poorly sorted sand and gravel
that yield water to wells. In the irrigated part of Kettleman Plain
(south and west of Avenal Gap and east of Dagany Gap) the
depths of irrigation wells range from 500 to 1,432 feet (table 7).

Short-term drawdown and recovery tests made by the Pacific Gas
and Electric Co. indicate that the yields of wells in the southern
part of Kettleman Plain and in the north end of Antelope Plain
ranged from less than 300 to about 1,400 gpm and averaged about
800 gpm. Specific capacities ! ranged from 6 to 21 gpm per foot of
drawdown and averaged about 14 gpm per foot of drawdown.

Although data regardipg depths, perforated intervals of rock,
and materials penetrated 8uring drilling are not available for many
of the wells in this area, drillers report that it is difficult to obtain
wells of high yield and that many wells do not yield sufficient water
for irrigation purposes and consequently are never completed.

A possible explanation for poorly productive or nonproductive
wells in the southern part of this subarea may be seen on geologic
sections B—B' and C-C' (pl. 1). These sections show that beneath
much of the irrigated area the alluvium ranges in thickness from a
few tens of feet to about 800 feet and overlies semiconsolidated rocks
of marine origin. These semiconsolidated rocks generally yield little
water to wells, and deep wells that tap them probably receive most
of their water supply from the overlying alluvium. The geologic
sections also show that the Tulare formation underlies the east edge
of the irrigated area and much of the alluvial slopes to the east.
The easternmost wells in the vicinity of the Devils Den ranch
(25/19-TM) may receive part of their water supply from the Tulare
formation. If wells were drilled east of the area irrigated in 1955,
they might be expected to yield moderate quantities of water, prin-
cipally from water-bearing beds in the Tulare formation.

1 Specific capacity of a well is the ratio of the yield to the drawdown and generally
is expressed in gallons per minute per foot of drawdown.
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In the northern part of Kettleman Plain, scattered water-level
measurements made in the autumn of 1955 indicate that north of
Reef pump station the ground-water surface sloped about 10 feet
per mile, generally in a southeasterly direction toward Avenal Gap
(pl. 3). From well 23/18-29E1 southeastward to well 24/18-11L1,
a distance of about 414 miles, the altitude of the water surface de-
creased about 6 feet—an average gradient of less than 114 feet per
mile. The reason for this pronounced flattening of the hydraulic
gradient is not known, because of the lack of water-level control in
the intervening area.

At the west end of Avenal Gap the contours for 1955 indicate
that ground water moving southward may have divided, part moving
southward toward Devils Den ranch and part moving eastward
through Avenal Gap. In the western part of Avenal Gap, west of
well 24/19-17P1, the water table may have sloped nearly 50 feet
per mile. In the central part of the gap the slope flattened to
about 20 feet per mile. At the east end of the gap, between wells
24/19-10P1 and 11G1, the gradient steepened to nearly 70 feet per
mile. The steep water-level gradients at both ends of Avenal Gap
indicate that the cross-sectional area of the alluvial fill is less at the
ends of the gap than in the central part, thereby restricting sub-
surface flow and accounting for the steep gradients.

In the southern part of Kettleman Plain, south of Avenal Gap,
there has been much irrigation development from deep wells (pl. 3).
Scattered water-level measurements in this area in 1955 indicated
that ground water moved generally toward a pumping depression
centered in sec. 6, T. 25 S., R. 19 E. Too few water-level measure-
ments were available to show more than the general shape of this
depression, which is outlined by the 370-foot contour east of Dagany
Gap. Before the present irrigation development began, ground-
water discharge from McLure Valley eastward through Dagany
Gap may have divided—part may have moved northward toward
Avenal Gap and part southeastward beneath Antelope Plain. The
contours for 1955 indicate that all ground-water discharge through
Dagany Gap was intercepted by local pumping for irrigation.

Fluctuations.—Periodic water-level measurements are not avail-
able for most of Kettleman Plain, especially in the irrigated area
near Devils Den ranch. However, the scanty water-level data avail-
able, chiefly measurements made during pump-efficiency tests by the
Pacific Gas and Electric Co., indicate that a marked decline of
water levels has occurred since pumping for irrigation began before
1936.

In 1936 the pumping levels in wells 24/18-25H1 and 24/18-25J2,
both about 3 miles north of Devils Den ranch, were reported to be
1383 and 125 feet below the land surface, respectively. In February
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1946, well 24/18-25J2 was pumping from a depth of 162 feet and
in May 1949 from 198 feet. A pump-efficiency test made at well
24/18-25J2 in October 1950 reported a nonpumping depth to water
of 137 feet, but no pumping measu<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>